Growing nanostructures in confinement allows for the control of their shape, size and structure, as required in many technological applications. We investigated the crystal structure and morphology of calcite nanowires, precipitated in the pores of track-etch membranes, by employing transmission electron microscopy and selected area electron diffraction (SAED). The data showed that the nanowires show no preferred growth orientation and that the crystallographic orientation rotated along the length of the nanowire, with lattice rotation angles of several degrees per micrometer. Finite element calculations indicated that the rotation is caused by the anisotropic crystallographic nature of the calcite mineral, the nanoscale diameter of the wires and the confined space provided by the membrane pore. This phenomenon should also be observed in other single crystal nanowires made from anisotropic materials, which could offer the potential of generating nanostructures with tailored optical, electronic and mechanical properties.
Many natural and technological processes involve the formation of crystals within constrained volumes rather than in bulk solution, 1, 2 where confinement can affect key features such as morphology, size, single crystal/polycrystalline structure and polymorph selection. [3] [4] [5] [6] Biomineralization is no exception to this, where the effects of soluble additives and the confined environments in which these materials form combine to generate the complex morphologies and hierarchical structures which characterise many biominerals. This results in crystalline materials with morphologies and properties quite distinct to their synthetic counterparts. 7, 8 In this paper, we present results which demonstrate that the formation of a crystal within a confined volume, as occurs during biomineralization, 2, 9 can introduce intrinsic distortions in the material. Using transmission electron microscopy (TEM) in conjunction with selected area electron diffraction (SAED), a detailed analysis of the microstructure of calcite single crystal nanowires formed within the pores of track-etched membranes was performed. We show that 70 nm diameter nanowires exhibit significant crystal rotation along the length of the wire, while there is no detectable rotation found in 250 nm diameter calcite nanowires. It is emphasized that this cannot be attributed to the presence of dislocations, as in the case of the so-called "Eshelby Twist", which is attributed to a screw dislocation running up the core of the nanowire [10] [11] [12] .
Here we demonstrate that an intrinsic surface stress induces lattice rotations in nanowires with anisotropic elastic properties and the magnitude of these rotations depend both on the crystallographic orientation and the diameter of the nanowires.
Results and Discussion
Calcite nanowires 5-10 µm in length were produced by precipitating CaCO 3 in the presence of poly(acrylic acid) (PAA) within the cylindrical pores of nominal diameters 50 nm and 200 nm polycarbonate track-etched membranes, as previously described. 13 In this method, the pores fill with amorphous calcium carbonate (ACC), which then transforms to single crystals of calcite, whose wire-like morphologies are defined by the membrane pores. Note that the pore sizes defined by the manufacturer are their diameters at the membrane surface.
After removal of the membrane material by dissolution in dichloromethane, (as described in Ref. 13) , the nanowires were characterized in detail to determine their crystal structure and quality, the crystallographic direction corresponding to their long axes and the local lattice orientation. This information was obtained from TEM images and SAED patterns over a typical wire length of approximately 1-1.3 µm, where this was achieved by tilting one end of a nanowire into a low index zone axis orientation. A sequence of diffraction patterns was then recorded in steps of 100 nm, from this position. The projected size of the SAED aperture used for these investigations was 125 nm. Examples of a nanowire and its diffraction pattern, which corresponds to a zone axis orientation of [2 4 1] , are shown in Figures 1A and 1B respectively, with the white arrow in Figure 1B indicating the crystallographic orientation of the wire. The nearest reflection lying in the arrow direction represents a crystal plane perpendicular to the nanowire axis, and was used to determine the crystallographic direction of the long axis of the nanowire.
Scanning electron microscopy (SEM) overview images are shown in Figure S1 . The diameters of the wires are in the range of 70 to 90 nm and, hence, are approximately 20-30 % thicker than the nominal diameters of the pores. The cylindrical shape of the wires was confirmed in all cases (see inset in Figure S1 ) indicating that the wire surfaces were not terminated by low energy facets, as expected for crystals grown from bulk solution, but fully molded to the shape of the membrane pores. The rough surfaces of the rods, which were previously described in some detail in reference is characteristic of crystallization from an amorphous precursor phase. Over 30 different nanowires were examined using this approach. In all cases, the diffraction patterns were identified as those of single crystal calcite along the complete investigated length, and no evidence for polycrystalline domains or other polymorphs was obtained.
Analysis of this large population of nanowires also revealed a striking feature -that the crystallographic direction of the nanowire axis was entirely random. This isotropy of growth directions is visualized in Figure 1C , which shows a plot of the unit vectors of the determined wire orientations. The volume enclosing these vectors (shown in red in Figure 1C ) is approximately spherical, which confirms the random orientation. These results demonstrate that the membrane surface does not direct the orientation of the crystal nucleus from which the product nanowire develops.
Nanowire formation from randomly oriented nuclei has been observed in other systems, mainly when using electrochemical deposition methods. 14 However, the resulting particles are usually not single crystals, but show polycrystalline characteristics. 15 In this context we can deduce from the observed single-crystallinity of the nanowires and their high aspect ratios that at the discussed length scales the crystallization process has to be significantly faster than the rate of nucleation, or that some degree of recrystallization can occur such that larger crystalline domains grow at the expense of smaller ones.
Most interesting, however, are the changes observed in the local lattice orientation along the length of the nanowires. The SAED pattern sequences show that there is a gradual change of intensity distribution as a function of position along the nanowire, indicating a change in the local crystal orientation. An example of this sequence for the nanowire shown in Figure 2A is presented in Figure 2C . This nanowire is oriented along a [-4 1 1] zone axis with a long axis close to [4 6 -3] and the red dots in Figure 2A show the positions of the patterns displayed in Figure 2C . The changes between patterns 1 and 7 are relatively small, while a sudden change was observed between patterns 7 and 8, approximately 900 nm away from the wire end. This sudden change indicated a significant relative change in the lattice orientation at this position.
The TEM image of a second nanowire, oriented along a [1 0 0] zone axis with its long axis is close to [2 4 1] , as shown in Figure 2B . A dark-field TEM image using the (0 0 12) reflection is given in Figure 2D , demonstrating the presence of significant lattice rotation indicated by the non-uniform contrast. The SAED pattern sequence for this nanowire is shown in Figure   S2 . In order to quantify the lattice rotations displayed by these nanowires, three rotation axes were defined in the nanowire's frame of reference (inset in Figure 3A ). These comprise a rotation angle  around the long axis of the nanowire (referred to as twist), a rotation angle  around the axis perpendicular to the wire and in the plane of observation (the out-of-plane bending),
and an in-plane rotation  around the zone axis. Based on kinematic diffraction pattern simulations, 16 the intensity distribution of the experimental patterns were compared with those obtained from the simulations at different rotation angles to obtain ,  and  for each recorded diffraction pattern. These angles were then plotted as a function of the position along the nanowire. The errors in these measurements were approximately 0.1°for and  and 0.5°for . The larger error for  is due to lens aberrations, which do not affect  and  The observed crystallographic rotations must arise from residual stresses in the nanowires, originating either from the intrinsic structure of the wires after removal from the membrane or from defects. There was no evidence of extended defects (dislocations, twins or stacking faults). Therefore, we can rule out these features as the origin of the rotations. In general, crystal surfaces always induce residual stresses in crystals because the reduced coordination of the surface atoms induces structural relaxation of the atoms near the surface. Indeed, surface stress is known to be an important feature in nanostructures where the ratio of surface area to bulk volume is increased to such an extent that the surface stress results in bulk distortion. Typical examples include twisting of nanoribbons 17, 18 and deformation of nanowires and nanocantilevers [19] [20] [21] . The surfaces of the calcite nanowires are observed to be rough, therefore the induced stresses will be inhomogeneous and, typically, higher than those induced by flat surfaces.
To study the impact of uniform surface stresses on the lattice rotations we simulated 80 nm diameter nanowires with the elastic properties of calcite using finite element modeling (FEM).
As the experimental wires all had different crystallographic orientations, and calcite is highly however, observed to be non-uniform and this will result in a non-uniform surface stress. The effect of surface defects, such as the observed notches, was modeled ( Figure 4C ) and the resulting rotations are shown in Figure 4D . A surface stress with a higher value on one side of the nanowire than the other will induce the wire to bend. The large bend observed in the wire shown in Figure 3A was reproduced by FEM ( Figure 5A ) by imposing an inhomogeneous surface stress that had a larger longitudinal component on one side of the wire compared to the opposite side (2 Nm -1 and 0.7 Nm -1 ).
Calcite surface stresses are strongly anisotropic and this anisotropy will also have a significant effect on the lattice rotation as found e.g. for biogenic calcite, where anisotropy plays an important role in lattice distortions caused by organic inclusions. 23 We have calculated the surface stress tensors for a range of calcite surfaces, using an atomistic model, and found that a high degree of anisotropy, even for flat surfaces. As these calculations were carried out for Figure 3B . In both cases the rotations agree well with the experimentally observed values.
Further insight into the nature of the stress fields responsible for the observed twisting and bending was obtained by employing linear elasticity theory to compute the stress field associated with a user-specified displacement field. This is a reverse approach to the finite element method, which computes displacement fields from stress fields. Using this methodology, we demonstrated that, irrespective of the crystallographic orientation, twisting is produced primarily by shear stress, and bending by tensile stress (Figure 6 ). The presence of both types of rotation can, therefore, be attributed to surface stress. We also profited from our modeling studies to rationalize the effects of the notches observed on the surfaces of several nanowires, which frequently corresponded to large changes in lattice distortion. The notches, modeled by carving small holes in the surface of the nanowire, introduced stress concentrations which accentuated the rotations resulting from the surface stress ( Figure 4C,D) . Such surface inhomogeneities could, together with locally varying surface stress, explain the observed inhomogeneous nature of the rotation along the length of the wire.
Conclusions
We investigated calcite nanowires grown in confinement using transmission electron microscopy and electron diffraction and found significant rotations of the crystallographic orientation along the length of the nanowire for wire diameters below 100 nm. Finite element modeling demonstrated that the observed rotations were consistent with those expected in anisotropic nanowires with surface stress values typical for ceramic materials with rough surfaces. In particular, we found that shear strain is necessary to create any significant twisting. The phenomenon we have observed in calcite is unique to anisotropic single crystal wires with nanoscale diameters, and it is notable that TEM analyses of calcite nanowires formed in bulk solution in the presence of poly(allylamine hydrochloride) (PAH) found no evidence for such lattice rotations. 24 The rough surfaces, due to crystallization in confinement, enhance the surface stress and inhomogeneities and, consequently, the magnitude of the induced rotation. Calcite is an important optical material and the rotation of the crystallographic orientation will affect the birefringence properties. It is expected that this phenomenon will also occur in a wide range of anisotropic semiconductor nanowires, such as ZnO, providing a mechanism for controlling or modifying the electronic bandgap for nanoelectronics.
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Methods
A full description of the experimental methods is provided in the Supporting Information.
Briefly, single crystal calcite wires were precipitated in polycarbonate track-etch membranes (Milipore) with cylindrical pores of either 50 or 200 nm diameter in the presence of poly(acrylic acid) (PAA) using established methods. 13 Wetted membranes were placed in a solution of CaCl 2 (10 mM) containing PAA (10 µg/ml), and CaCO 3 precipitation was induced by exposure to solid ammonium carbonate in a closed desiccator. After incubation periods of 1-2 days, the intra-membrane crystals were isolated using at least 3 cycles of sonication in dichloromethane, centrifugation and solvent exchange, before being pipetted onto a TEM grid. The TEM experiments were conducted using a JEOL 2011 TEM-microscope operating at 200 kV. Finite element modeling of the calcite nanowires was used to calculate the elastic behavior of nanowires of similar diameters to the experimental wires.
